Abstract-Winding failures in induction machines have been a major concern in the past several years, and more so recently with the addition of variable speed drives (VSDs). Both the introduction of the vacuum breaker, and the use of pulse width modulation (PWM) drives, utilizing fast switching IGBT's, have resulted in an increase in winding failures in induction machines.
I. INTRODUCTION
Winding failures in induction machines have been a major concern in the past several years, and more so recently with the addition of variable speed drives (VSDs). Both the introduction of the vacuum breaker, and the introduction of PWM drives, utilizing fast switching IGBT's, have resulted in an increase in winding failures in induction machines.
There are two mechanisms causing winding failures; steep-fronted surges, like those caused during the opening and closing of vacuum breakers, and transient overvoltages caused by impedance mismatch between cable and load during VSD operation. There has been a fair amount of work done to date on the propagation of vacuum breaker induced steep-fronted surges in the windings of large induction machines [5, 6, [8] [9] [10] [11] [12] . The majority of this work has focused on a single event surge entering one winding of a multiphase machine. In addition, the winding parameters have been limited to calculated values. Here the intention is to study the propagation of multiple surges in the machine, their interaction through mutual inductive and capacitance coupling and when operated from individual single phase inverters supplying each phase.
The machine under study is form-wound, hence parallel plate capacitance theory has been applied as shown in figure 1 . The individual values of C g and C p are calculated using parallel plate approximations and the ∈ r value of the respective insulations. This can give reasonably accurate capacitance values. But as for inductance values, some have used finite element methods [8] 
where [L] is the inductance matrix, [C 0 ] is the capacitance matrix found as mentioned above with the exception that all ∈ r = 1, and c is the velocity of propagation [6] . This method requires knowledge of the velocity of propagation in the coils. One study [6] , assumed the wave propagation velocity in the overhang section of the coil is the same as within the slot region. This assumption is not supported by [9] which report the velocity of propagation in the slot as been lower than in the overhang.
More recently, work has been progressing on overvoltages at the machine terminals as a result of VSD's operating with long cables connecting drive and machine [1] [2] [3] [4] . The long cables have an impedance significantly different from the impedance of the induction machine. When a steep fronted wave traveling along the cable encounters the impedance mismatch a voltage reflection occurs resulting in an overvoltage at the location of the mismatch, i.e. the machine terminals. As switching frequencies increase so do the rise times on the devices, translating into a higher dv/dt pulse/wave traveling down the cable. The higher the dv/dt the steeper the wave front impacting the impedance mismatch. Thus, peak overvoltages increase as the rise time of semiconductor devices reduces [1] . The result is that voltage reflections are dependent on VSD output pulse rise time and cable length.
The work further focuses on the measurement of surge propagation, differentiating between the impedance of the slot sections and that of the overhang sections, of each turn. Detailed parameter measurements are made of each turn section (slot vs. overhang), which are then used to determine the surge impedance of each section. Reflection and refraction coefficients are calculated, then used to map, via lattice diagrams, the propagation of surges within the turns of one coil.
The paper is divided into six sections. The first is on parameter measurements and the method used to obtain the measurements. Second, experimental set up for surge measurements. Third, single section lattice diagram simulation and measurement. Fourth, the Bewely lattice diagram is extended to map all sections of a coil within the induction machine. Fifth, PWM pulse tracking within the turns of a coil using a lattice diagram. And Sixth, the conclusions.
II. PARAMETER MEASUREMENTS
The stator coils sit in slots, where the coils are surrounded on three sides by iron; in the overhang the coils are surrounded by air only. These two distinctly different environments cause the coils to have different surge impedances. For the slot region, because of the presence of the iron the inductance is much higher than for the overhang region. The effect on the capacitance is also greater in the slot, than in the overhang where the only coil coupling is to the adjacent coil. These regions become important when steep-fronted surges attempt to pass between them. An incident surge will experience reflections, refractions and cause overvoltages at impedance mismatches.
There are also mismatches at the phase terminals, where the connection from the terminal meets the coil. The coil can be divided into six distinct regions of differing impedances. Since the wave front duration is much shorter than the coil propagation time each turn acts as a separate conductor, even though they are connected to one another. However, this only holds during the transient period of a few microseconds. Because of this, a coil can be modeled like a multiconductor transmission line [8] [9] [10] with many series segments consisting of slot sections and overhang regions. The theories of wave propagation on multiconductor transmission lines can be applied to the coils of a machine. Figure 2 shows a diagram of a three-turn coil as segmented into the six regions, with slot and overhang regions marked. In previous work done, the capacitance and inductance values for the different regions were calculated. In this work the coil parameters are measured. A 150 hp, 3-phase, form wound induction machine was obtained for use as the test motor. To perform the required measurements the machine was disassembled down to the stator and frame, with only the coils left in place, as shown in figure 3 . It has been shown in previous work [5, 6, 8, 9, 11] that it is not necessary to have the rotor present when performing experimental research on surges within the stator windings. In addition because of the air gap the effect of the rotor on the parameter measurements is negligible. Several coil sections were removed to gain clear access to the stator core from each end for measurement purposes. Figure 4 shows one complete coil as removed from the machine. Six regions in each coil are identified as having a different impedance from one region to the next. However, this does not necessarily imply that there are six different sets of parameters to measure. The two slot sections (B and D figure 2) of each coil will be considered the same, as they are the same size and composed of the same materials. Likewise, overhang sections A and E, figure 2, are the same with the exception of their incoming and outgoing connections. To obtain each section's parameters the coil must be cut into the respective regions and each placed back into its working environment. Figure 5 shows the actual test machine coil cut into the sections representing the different impedance values as shown in figure 2. The parameter values were obtained using an Hewlett Packard 4284A 20Hz-1MHz Precision LCR Meter. Due to the size of the machine the standard test leads were not used. Even though a non-standard set of test leads were used the LCR meter had a correction capability via open circuit and short circuit tests to remove any errors introduced. A test setup was built to perform the capacitance measurements in the slot sections, which were placed back into the stator core. Figure 6 shows the capacitive setup. The capacitive measurements required only two contact points between the LCR meter test leads and the device under test (DUT). For the mutual, turn to turn inductances the test set up was modified to allow for four contact points to obtain the measurements. Also each contact point had to be independently movable to enable the complete set of turns to be measured. The test setup is shown in figure 7 , while an inductance measurement is shown in figure 8 . With these two setups, all turn to ground capacitances, turn to turn capacitances, self inductances and mutual inductances were measured for each conductor/turn in both the lower and upper coils in the double layer winding. As frequency plays an important role in impedance values all parameter measurements where taken over a range of frequencies from 60Hz to 1MHz in ten steps, as limited by the LCR meter. The ten frequencies used were 60Hz, 120Hz, 500Hz, 1KHz, 5KHz, 10KHz, 50KHz, 100KHz, 500KHz and 1MHz.
The process was repeated for the overhang sections. A jig was constructed, matching the inside shape of the stator core on to which the overhang sections were mounted. From detailed, full scale drawings, templates were made to hold the coil sections in their proper alignment. The complete jig with coil sections installed is shown in figure 9 . Adjacent coils need to be in placed to account for mutual coupling as well as surge propagation from coil to coil and the impedance mismatch between coils. The adjacent phase groups must also remain in place for phase to phase coupling, as the problem occurs during normal operation. Previous research has only examined one phase. As with the slot setup, an additional support structure was needed to hold the test leads in place on the conductors while the measurements were taken. This additional structure needed to be completely and independently adjustable for each of the four contact points from test lead to the conductor being measured. Figure10 shows the complete test setup to perform capacitance and inductance measurements on the overhang sections of the coils. Figure 11 shows a mutual inductance measurement being conducted on one of the overhang coil sections. In the slot measurements, only turn to turn and turn to ground couplings associated with the two coils residing in the slot were considered as the stator core acts as a barrier to coupling with coils in adjacent slots. Since the machine used in the experimental tests and measurements is double layer, both upper and lower coils have to be considered. Within the slot region, since both coils are parallel, a significant coupling exists between the two coils. However, in the overhang, due to the nature of the double layer winding, the upper and lower coils do not run parallel they run in opposite directions. There is only minimal overlap at the exit of the slot before turning in opposite directions. This would allow minimal coupling between upper and lower coils, and is supported by the measurements. The measured values show the coupling at a significantly low value as to be neglected. It is necessary, for determining the characteristic impedance of the turn sections, to have the parameter values in units per meter. Hence, all measured data was divided by its respective conductor length, 0.3842m for the overhang region and 0.1619m for the slot. Figure 12 shows the self inductance of all 16 conductors (8 per coil) of the double layer winding for both the overhang and the slot regions in frequencies from 500Hz to 1Mhz. The left half of the figure shows the overhang values 1 to 16 (left to right), while the right half show the slot region, 1to 16 (left to right). Figure  13 shows a comparison of the self inductance in the overhang turns versus that in the slot for a frequency of 500Hz (same data as used in figure 12 ). The slot values show a linear decrease from turn one in the bottom of the slot to turn 16 at the top (nearest to rotor), as expected, while the overhang shows a reasonably constant value. Figure 14 shows that as frequency increases the inductances within the slot regions converge. Figure 16 shows as frequency is increased the slot capacitance values decrease and trend towards a constant value at high frequency. The turn to ground capacitance in the slot region also decreases as frequency increases but at a lesser rate than for the turn to turn values, as seen in figure 17. 
III. EXPERIMENTAL SET UP FOR SURGE MEASUREMENTS
To obtain experimental results a test set up was assembled. The two main components necessary were a source of steep fronted waves and a device to accurately measure the source and the propagating waves. For the source, two choices of function generators were used. A Tektronix FG 503 3MHz function generator, which had a slower rise time of 54 nsec on a pulse train waveform. The second was an Hewlett Packard 3314A function generator, which had a faster rise time of 5.2 nsec. Both generators had internal impedance values of 50 Ω.
For waveform measurements two CompuScope 85G waveform digitizers were used. Each device has two input channels having 5 GS/s A/D Sampling simultaneously, with 500 MHz bandwidth and 8 bit resolution. This level of measurement capture was necessary due to the short rise times of the source, as well as the short propagation times of the coil sections. The sampled data was viewed and stored using GageScope Oscilloscope Software.
To obtain measurements of waveforms at impedance boundaries within the coil, modifications were made to allow connections from the digitizers to the coil. At the location of a boundary change, i.e. slot to overhang, the insulation was removed and small leads attached, as seen in figure 18 . 
IV. SINGLE SECTION LATTICE DIAGRAM
To verify the operation of the experimental setup a simple system with conductors of known impedance values and propagation times was examined, figure 19. To the left of point 'A' is the source, with internal impedance, connected to a 50 Ω coaxial cable. At point 'A' the cable connects to channel 1 of the digitizer, set to an impedance of 50 Ω. A second, longer length, coaxial cable is connected from channel 1 to channel 2, where channel 2 is set to an impedance of 1 MΩ, making an impedance mismatch with the cable. There is also a mismatch in impedance with point 'A' and the coaxial cable. Thus points 'A' and 'B' were used as the boundary points for a single section Bewely [13] lattice diagram analysis.
Since the rise time of the source is long compared to the propagation time of the cables, a stepped approximation of the rising edge, shown in figure 20, is used for evaluation of the wave front at the boundaries. Figure 21 shows the lattice diagram of reflections occurring between boundaries 'A' and 'B'. There are several lines, shifted in time, propagating simultaneously as a group representing the stepped edge approximation shown in figure 20. Figure 22 shows the resulting waveforms at points 'A' and 'B' for a simulated 1.5 per unit generated pulse while figure 23 shows the measured waveforms for the actual 1.5 per unit pulse. The simulation results match up accurately to the measured values verifying the functionality of the experimental set up. 
V. MULTIPLE SECTION LATTICE DIAGRAMS
With the coil parameters obtained, the impedance values associated with the coil sections were determined. These values were then used to determine the reflection and refraction coefficients associated with the boundaries between regions of differing impedance, i.e. slot to overhang. With reflection and refraction coefficients Bewely lattice theory [13] is used to map the propagation of a pulse/surge through the turns of a coil.
The machine under test has four turns per coil, with two conductors per turn, a total of 8 conductors per coil. Here the two parallel conductors are modeled into one conductor having the appropriate impedance value. Initially only one coil is examined under surge conditions. With no inter coil connections both overhang sections are modeled having the same impedance values, with the exception of the connection to the source cable which is handled separately. One complete turn includes four regions of impedance mismatch, slot 'A' -overhang 'A' -Slot 'B' -overhang 'B'. Hence, the lattice diagram must have four regions, each representing an impedance region of the coil. As each subsequent turn passes through the same four regions in sequence the lattice is further expanded to have 16 distinct regions. A seventeenth section representing the lead in, half overhang section, at the beginning of the coil is added, which has the same impedance value as a full overhang section. These 17 sections represent the complete coil. As the coil must be connected to a source via a cable, an eighteenth region is added to the front of the lattice. Figure 24 shows the multiple lattice diagram to track pulse propagation through the coil as each discontinuity is reached.
A program using MATLAB was written to evaluate the pulse, the boundary conditions, reflections, refractions, traveling waves and voltages occurring at each location of impedance mismatch. Figure 24 is the lattice result for a test simulation on a simplified coil model, in which the effects of mutual inductive and capacitive coupling were not included. 
VI. PWM PULSE TRACKING
With single pulse tracking completed, the MATLAB program will be modified to accept variations in the source. A PWM source is added to supply a train of pulses to the coil. The lattice diagram tracks multiple pulses traveling in time at the impedance boundaries. With several pulses entering the coil and being reflected and refracted along with the variations in velocity of propagation from one turn section to another, there is a much greater chance that several reflections will arrive at a boundary simultaneously causing greater overvoltages than predicted in earlier works.
Further use of the PWM lattice program allows the variation in PWM strategies to be tested, identifying which are most benign to the coil insulation.
VII. CONCLUSIONS
This work makes contributions on the measurement of motor parameters for surge propagation studies.
A single coil of the machine is divided into regions of differing impedance namely the slot and the overhang regions. Detailed parameter measurements are made of each turn within each region, to include turn to ground and turn to turn capacitance and self and mutual inductances. This is then used to determine the surge impedance of each section.
Bewely lattice theory is extended to track surge propagation within the coil. Boundary voltages located at the impedance mismatch are calculated to determine the magnitude of the overvoltages occurring within each turn of a coil.
Future work will focus on PWM interaction inside the windings.
